The electronic structure of the Fe-O 2 center in oxy-hemoglobin and oxy-myoglobin is a longstanding issue in the field of bioinorganic chemistry. Spectroscopic studies have been complicated by the highly delocalized nature of the porphyrin and calculations require interpretation of multi-determinant wavefunctions for a highly covalent metal site. Here, iron Ledge X-ray absorption spectroscopy (XAS), interpreted using a valence bond configuration interaction (VBCI) multiplet model, is applied to directly probe the electronic structure of the 
Introduction
Oxy-hemoglobin (Hb) and oxy-myoglobin (Mb) are dioxygen transport and storage metalloproteins located in red blood cells and aerobic muscle tissue. [1] [2] [3] [4] Both of these proteins feature an iron heme active site in which the deoxygenated form has a high-spin (S = 2) ferrous center that becomes diamagnetic upon O 2 binding. 5, 6 While the end-on Fe-O 2 geometric structure of oxy-hemoglobin and oxy-myoglobin are well known, [7] [8] [9] there has been a long standing discussion, recently summarized by Shaik et. al., 10 
13-16
An array of different spectroscopic and computational methods have been used in attempts to address the nature of the Fe-O 2 bond in oxy-hemoglobin and oxy-myoglobin. 3, 10, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] The heme unit is highly covalent, with significant delocalization of the iron 3d electrons into the porphyrin π* system. [29] [30] [31] [32] [33] [34] The ability of the heme to redistribute the charge and spin density of the iron plays an essential role in the formation and stabilization of a variety of intermediates required for biological function. 35 However, this delocalization also complicates the ability of many spectral methods to evaluate the electronic structure of the iron. 36 Furthermore, the presence of several energetically accessible spin states, can make computational evaluations challenging.
22-26
Iron L-edge X-ray absorption spectroscopy (XAS) is a direct probe of the electronic structure of a metal center in a highly covalent environment, as in a porphyrin. 36 The L-edge spectrum involves an electric dipole allowed 2p → 3d transition, and since the 2p orbital is localized on the iron, the intensity of the L-edge quantifies the amount of metal d-character in the unoccupied valence orbitals of the complex. 37 As unoccupied d-character (i.e. L-edge intensity) increases or decreases, the Z eff of the iron changes accordingly as does the energy of the L-edge transition. Ligand donor interactions through ligand to metal charge transfer (LMCT) configuration interaction (CI) decrease the amount of d-character while ligand acceptor interactions through metal to ligand charge transfer (MLCT), backbonding, shifts occupied metal character into the ligand π* orbitals, which results in increased L-edge intensity.
36,38
The iron L-edge spectrum is split into two main spectroscopic features. These arise from the presence of a 2p core hole which has a large spin-orbit interaction that gives the L 3 (J = 3/2) and L 2 (J = 1/2) peaks. These peaks are energy-split by ~10-15 eV with an intensity ratio of ~2:1. Furthermore, the 2p → 3d transitions produce 2p 5 3d N+1 final states that are split in energy by p-d and d-d electron repulsion and ligand field effects. In the low-spin iron heme systems studied here, the ligand field splitting is large and separates the dπ from the dσ holes by several eV. To these are added the differential orbital covalency (DOC), 37 the difference in covalency for the dπ and dσ levels, which influences the intensity pattern of the final state multiplets. Note components. Thus, covalency affects both the L-edge intensity and its distribution. This is included in the analysis of the L-edge spectrum through LMCT configuration interaction for donation and MLCT configuration interaction for backbonding.
In this investigation, iron L-edge XAS is used to study oxy-picket fence porphyrin 7, 39 (pfp = meso-tetra(α,α,α,α-o-pivalamidophenyl)porphyrin or TpivPP), the first structurally defined reversible dioxygen binding heme complex that models oxy-hemoglobin and oxymyoglobin. 7, 8 This complex exhibits similar vibrational and Mössbauer parameters to those of the proteins, and first demonstrated that dioxygen was bound to iron in an end-on fashion. 
Materials and Methods

Samples
The 7, [39] [40] [41] Prior to data collection, all samples were maintained in a nitrogen inert atmosphere glovebox. For the L-edge measurements the samples were spread across double-sided adhesive conductive graphite tape, attached to a copper paddle, and transferred to a nitrogen glovebag for loading into the ultra-high vacuum (UHV) experimental chamber.
XAS Data Collection and Reduction
X-ray absorption spectra were collected at the Stanford Synchrotron Radiation
Lightsource (SSRL) on beamline 10-1 under ring operating conditions of 100-350 mA and 3
GeV. The radiation was dispersed using a spherical grating monochromator set at 1000 lines/mm with 20 µm entrance and exit slits for a resolution of ~0.1 eV. Data for all samples were recorded using a UHV beamline end-station maintained at 5.0 × 10 -9 Torr with samples aligned at 45º to the incident beam as described previously.
37,42
L-edge spectra were measured by total electron yield with a Galileo 4716 channeltron electron multiplier aligned parallel to the sample surface normal and 45º relative to the incident beam. The signal flux (I 1 ) was normalized by the photocurrent of an upstream gold-grid reference monitor (I 0 ). The photon energy was calibrated to 708.5 and 720.1 eV for the L 3 -and L 2 -edge, respectively, of powdered α-Fe 2 O 3 (hematite < 5 µM) run before and after each set of sample scans. Data were collected over the range of 670 to 830 eV to allow for proper normalization, 37 with a step size of 0.1 eV employed from 700 to 730 eV, and 0.5 eV for remaining regions of the spectrum.
A single scan of the L-edge spectrum took an average of ~10 min, with ~4 min over the 700-730 eV energy region. Four to six scans were averaged together to obtain a final data set with a high signal to noise ratio. 2 ] exhibited an increased rate of pumping decay when exposed to X-ray radiation. As a result, all samples were kept cold using a liquid helium cryostat with measurements taken at temperatures between 220-240 K. Maintaining the samples at lower temperatures prevented decay either by pumping or photo-reduction, and allowed collection of reproducible high-quality data.
A function of the form:
, with k = 0.295, obtained by experimental fit, 37, 43 and I 2 = I 1 + 12.3 eV (energy split by spin-orbit coupling), was used to model the L 3 -and L 2 -edge jumps.
37
The energy of the arctangent was estimated on the basis of the fit to the L-edge experiment.
36-38,44-46
VBCI Multiplet Simulations
Ligand field multiplet calculations were performed using the multiplet model implemented by Thole, 47 with the atomic theory developed by Cowan, 48 and the crystal field symmetry interactions described by Butler, 49 which includes both Coulomb interactions and spin-orbit coupling for each sub-shell. 50, 51 To simulate the spectra, the Slater-Condon-Shortley parameters F i and G i were reduced to 80% of their Hartree-Fock calculated values in order to account for the over-estimation of electron-electron repulsion found in the calculations of the free ion (κ = 0.8). 50, 52, 53 The final multiplet spectrum is calculated from the sum of all transitions for electrons excited from an iron 2p into the 3d unoccupied orbitals. 54 In the ligand field limit, the ground state is approximated by a single electronic configuration d To simulate the L-edge spectra, parameters were initially chosen on the basis of previous In order to get covalency values for each of the symmetry blocks, a DOC projection method was applied that uses the multiplets 48, 49 to distribute the intensity into its different symmetry components via virtual 4s → 4p transitions. 37 These projected values were then degeneracy weighted and calibrated to the experimental total intensity to extract the DOC. The final simulated fit to each spectrum was evaluated on the basis of simulated spectral shape relative to the data, the relative weights of the three ground
, and d N+1 L), the projected intensities into each of the symmetry blocks, and its agreement with other spectroscopic and computational results.
DFT Calculations
The Figure   1A ). Therefore the low-energy shoulder may contain a small contribution from the associated 5-coordinate pumped species. A final corrected spectrum was thus generated by subtracting increasing percentages of the pumped spectrum, followed by renormalization, until the resultant spectrum became negative (unphysical), Figure Table   1 ]).
Exchanging the axial 1-MeIm ligand in the picket fence cage with CO gives [Fe(pfp)(1-MeIm)(CO)] [ Figure 2A ] with the uncorrected data given in SI Figure S1 . 7, 8 Figure 2B ) lacks this feature in its L-edge XAS spectrum (SI Figure S4 ). 
Analysis
DFT Calculations of Reference Complexes
Geometric Structures
Calculations were performed starting from the crystal structure of low-spin (S = 0) Table 2 , and SI Figure S5 shows a comparison with previous results and to describe any difference between heme bonding in the picket fence porphyrin (pfp) and tetraphenyl porphyrin (tpp).
36
The first shell bond lengths of all optimized structures along with crystallographic distances are given in Table 2 . In tpp, the creation of the dπ hole in the ferric complex results in Table 2 ).
Electronic Structures
[ Figure 3] In [Fe II (pfp)(1-MeIm)(CO)], the carbonyl is a stronger field ligand compared to 1-MeIm.
As suggested by its short 1.73 Å Fe-CO bond, the strong σ-donation of the CO lone pair destabilizes the d z 2 orbital {315} to higher energy relative to the other d orbitals (Figure 3 2 ] is presented in [ Figure 4 ] with fit parameters given in [ Table   3 ]. For reference, VBCI fits to the uncorrected L-edge data are also given in SI Figure S7 . This fit yielded projected differential orbital covalencies (DOC) of 68%, 69%, and 8%, metal character in the unoccupied d Table 3 . This produced an increase in metal character from 69% to 85% in the d z 2 orbital (Table 4) , as observed in the DFT calculations, and reflects the loss of the axial ligands.
VBCI Modeling of Reference Complexes
The higher resolution L-edge data of low-spin ferric (S = 1/2) [Fe III (tpp)(ImH) 2 ]Cl, Figure 2D , were refit as described above using the same T, ∆, and ∆ BB parameters for the ground and final states relative to reference 36 ([ Figure 9] ). The resulting fit parameters, Table 3, reproduce the previous study, 36 where the presence of the dπ hole allows for 17% π-donation from the heme and decreases the amount of MLCT backbonding into the porphyrin π* orbitals from 8% to 4% relative to [Fe II (pfp)(1-MeIm) 2 ].
Oxy-PFP: VBCI Modeling of L-edge XAS
To quantitatively analyze the L-edge spectrum of oxy-picket fence porphyrin, [Fe(pfp)(1- Figure 2B , two series of systematic simulations were evaluated starting from both the ferrous and ferric limits of the VBCI model ([ Figure 10] ). From the fit parameters of Figure 10 , left. Note, this simulation differs from that in Figure 4 due to an increase in the ligand field required to maintain the low-spin configuration throughout this series (i.e. the spin paring energy is higher for a ferric relative to a ferrous complex, SI Figure S8 ). Throughout the progression, each trace was projected and the amount of backbonding quantified in terms of its dπ* character.
As the backbonding is increased (i.e the energy of ∆ BB is decreased and becomes and dπ* orbitals respectively, [ Table 5 ], with fit parameters given in Table 3 
Oxy-PFP: DFT of Calculations
To compare with the literature calculations of the Fe-O 2 bond in heme proteins, 10, 22, [24] [25] [26] DFT calculations were performed on [Fe(pfp)(1-MeIm)O 2 ] (SI Figure S11 ). Geometry optimization of [Fe(pfp)(1-MeIm)O 2 ] did not appreciably change the structure from that of the crystal structure 57, 65 and gave first shell bond lengths and angles similar to those found in oxyheme proteins (SI Table S1 ). 66, 67 These calculations gave both spin unpolarized, and spin polarized results, with the latter -2.4 kcal/mol lower in energy (SI Table S2 ). Both calculations gave comparable amounts of total metal character in the unoccupied valence orbitals and an appreciable amount of negative charge Table S2 ). 10 Mulliken population analysis of the polarized calculation yielded 65/64% and 62/57% metal character for the d x 2 -y 2 {316} and d z 2 {315} α/β spin orbitals respectively and an average of ~6% metal character in the porphyrin π* orbitals {313-314}, Table 5 . These values compared well to the VBCI fit to the L-edge data.
Additionally, the lower energy calculation showed spin polarization of the dπ electron density with orbital {312} containing 57% d xz character in the α manifold and 11% in the β (SI Figure   S11 ). This large degree of spin polarization is not consistent with the absence of the low-energy dπ hole observed in the L-edge spectrum of [Fe(pfp)(1-MeIm)O 2 ] ( Figure 2B ), a feature characteristic of a low-spin ferric complex ( Figure 2D ).
Discussion
An array of spectroscopic and computational methods have been applied to evaluate the nature of the Fe-O 2 bond in oxy-hemoglobin and oxy-myoglobin. 10, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] In this study, iron Ledge X-ray absorption spectroscopy has been used to experimentally probe the electronic From the VBCI simulations in Figure 10 , starting from a low-spin ferrous limit (left side), the dπ hole in the L-edge simulation appears as the MLCT backbonding from the iron into the π* orbital of O 2 is increased. At ≥ 30% dπ hole character in the ground state, the low-energy feature is clearly present. Alternatively, starting from the low-spin ferric limit that possesses a prominent low-energy dπ feature in the simulated L-edge spectrum, increasing the amount of LMCT from the occupied π* orbital of O 2 -into the unoccupied dπ orbital on the iron increases the energy and decreases the intensity of this low-energy feature. With a large π-donation corresponding to ≤ 30% dπ hole character remaining in the ground state, the low-energy feature in the simulated spectrum is again no longer present, as in the iron L-edge spectrum of 10 Thus, it will be important to compare these L-edge data and results to parallel data on oxy-hemoglobin and oxy-myoglobin.
Summary
Most spectroscopic studies of dioxygen bonding in heme systems have been complicated do not exhibit the low-energy feature of a hole in the dπ orbital of the iron, as is characteristic of all low-spin ferric complexes. [36] [37] [38] The absence of this feature requires a strong π-interaction between the iron and the O 2 that will limit the extent of spin polarization in the Fe-O 2 bond.
Parallel studies are now underway to probe this bonding interaction in the protein environment of oxy-hemoglobin and oxy-myoglobin, which requires that the data be obtained using resonant inelastic X-ray scattering (RIXS). Total intensity is the integrated intensity of both the L3-and L2-edges. The total percent metal character represents the amount of d-character in the unoccupied orbitals and includes the effects of covalency and backbonding. Maxima given in eV at the energy of the L3-and L2-edge. The spin state change occurs between traces three and four, orange ( * ), and results in the observed spectral broadening and three peak multiplet structure observed for [Fe II (pfp)]. The first trace, A, was generated using the same parameters used to fit [Fe II (pfp)(1-MeIm) 2 ], but with a larger ligand field splitting, which was required to maintain a low-spin configuration (10Dq = 3.30, Dt = 0.01). This additional progression can be found in SI Figure S8 . The right panel shows a parallel series starting with the low-spin d 5 parameters used to fit [Fe III (tpp)(ImH) 2 ]Cl with progressively more LMCT into the dπ hole yielding a simulation with predominantly low-spin d 6 character. 3d spin-orbit coupling was set to zero in these simulations. (magenta).
